The Navy Aerosol Model (NAM) is widely used as an engineering tool to provide a quick estimate of the aerosol extinction in the marine environment. Since its introduction, several shortcomings of NAM have been identified that are being addressed by the development of the Advanced Navy Aerosol Model (ANAM). At present, the Advanced Navy Aerosol Model has been reviewed as concerns its production mode. The two separate production modes (3 rd and 4 th modes in ANAM4) have been replaced by a single production mode in ANAM5. The shape of the new production mode is given by two sea spray source functions taken from literature, Vignati et al. and Smith and Harrison. The intensity of the new production mode in ANAM5 at a particular height above the surface is governed by a transfer function that depends on radius and wind speed. The production mode in ANAM5 has several tuning parameters that have been optimized by comparing ANAM5 concentration predictions to experimental aerosol data. ANAM5 performs better than ANAM4 in predicting the concentrations of large aerosols in open ocean conditions, but the performance is reduced in the coastal zone. This may be due to the presence of a strong advection mode that is currently not well taken into account by the ANAM.
INTRODUCTION
Electro-optical sensors are presently used for a wide range of applications in the marine environment, e.g., for surveillance, ranging, and classification. The performance of state-of-the-art sensors is generally not determined by system design and technological limitations, but rather by the intervening atmosphere. Propagation of electro-optical radiation through the atmosphere can be severely limited by absorption and scattering of radiation (transmission losses). Turbulence and refraction may cause severe image distortion, thereby hampering the recognition of targets. Since these adverse effects are strongly dependent on the environmental conditions, there is a need for tools that can assess the sensor performance as a function of the meteorological scenario.
Absorption and scattering are caused by the presence of molecules and aerosols, which necessitates that the atmospheric composition and concentration of these constituents are known. The molecular part is relatively constant (apart from water vapor) and the scattering and absorption characteristics of the various molecular species are well-known. Hence, reliable codes, such as the USAF MODTRAN 1 code are available to assess the molecular component. The composition and concentration of the atmospheric aerosols is much more variable, and considerable effort has been spent on the development of aerosol transmission codes. To predict aerosol transmission losses along a propagation path, the model must estimate the concentration and composition (refractive index) of the various aerosol species. Subsequently, Mie theory 2 provides the absorption and scattering coefficients.
The open ocean environment provided a relatively simple case for an aerosol transmission model. Here, the problem is less strenuous because the majority of the aerosol consists of sea spray, generated at the wave surface, and homogeneous conditions exist over appreciable spatial domains. The sea spray component in the marine atmospheric surface layer (MASL, up to several tens of meters) could be successfully described by the Navy Aerosol Model (NAM), developed by Stu Gathman. 3 This parametric model applies statistical relations between (surface) meteorological parameters and the aerosol concentration, and thereby provides a general estimate of the aerosol concentration for the MASL. Although parametric, the NAM relates the aerosol concentration to key processes such as production, evaporation and advection, which is reflected in the set of input meteorological parameters. The applicability of the NAM was later extended throughout the boundary layer by the Navy Oceanic Vertical Aerosol Model (NOVAM) . 4 This approach combined aerosol vertical dispersion algorithms with meteorological boundary layer parameterizations, which necessitated additional input parameters (radiosonde observations). The combined NAM-NOVAM package is currently available in the USAF MODTRAN 1 code.
Over the years, the Navy Aerosol Model (NAM) has been widely used to assess the aerosol extinction. The popularity of the model results from its availability through MODTRAN, but also from its relatively small set of input parameters and its minimal computational requirements. It is generally acknowledged that the NAM provides an adequate engineering tool to estimate the aerosol extinction for open ocean conditions. 5 However, the NAM has also received criticism over the years, especially as concerns the reduced performance in coastal regions 6 and the difficulty in specifying a proper value in the littoral zone for one of the input parameters, i.e., the air mass parameter. Furthermore, experimental evidence 7 suggested that the NAM underestimated the concentration of larger aerosols and therefore underestimated the extinction, 8 especially in the 8-12 µm wavelength domain. Finally, some of the NAM parameters and equations have been questioned, e.g., the center diameters of particular modes 5 (see also section 2) and the relative humidity dependence. 9 Since the conception of the NAM, elaborate numerical models 10, 11 have been developed that assess the aerosol life-cycle in more detail as concerns the larger aerosols near the surface behavior or the larger advection processes. In addition, satellite-based sensors have greatly enhanced our capabilities of assessing the aerosol concentration and composition in the coastal environment. However, the application of these new tools is not always straightforward since data access may be limited, computational demands can be high and trained operators are generally required. Thus, there is still a need for a relatively simple tool that can provide a first order estimate for the aerosol extinction. This provides the impetus for our efforts to continue the development of the NAM and to remedy its known deficiencies. The improved NAM has been named the Advanced Navy Aerosol Model (ANAM). This paper addresses one aspect of the NAM improvements, i.e., the production of marine aerosols. The next section provides a more detailed description of the NAM and a report of the initial ANAM development, which focused on the underestimation of the contribution of larger marine aerosols in the original NAM. Subsequently, the new production mode in the ANAM is presented and an initial report on the tuning process of this new mode is given.
NAM OVERVIEW AND INITIAL ANAM DEVELOPMENT
The basic NAM 3 was presented by Gathman in 1983, and represented one of the first efforts to model aerosol extinction solely on the basis of meteorological parameters. The NAM applies a two-step procedure to provide the aerosol extinction at ship's deck height for open ocean conditions. In the first step, the aerosol concentration is calculated using statistical relations between the concentration and meteorological parameters. This step is followed by a Mie calculation 2 to yield aerosol extinction (and scattering). The original NAM has been updated on the basis of new experimental 7, 12 and theoretical 13, 14 evidence, and is presently included in the widely used USAF MODTRAN transmission code. 1 The basic NAM describes the aerosol size distribution by a superposition of three lognormal curves ('modes'), cf. figure 1a (next page). Each mode is characterised by a width (assumed constant), a centre radius and amplitude. The centre radii of the modes are nominally 0.03, 0.24 and 2.0 µm, but are adjusted as function of the relative humidity. The largest or third mode (2 µm) consists of freshly produced marine aerosols. Its amplitude is determined by the instantaneous wind speed. The second mode (0.24 µm) consists of marine aerosols that have spent some time in the atmosphere ("aged" marine mode) and have adjusted their size to the ambient conditions. Since these particles have been produced elsewhere and transported to their present location, the amplitude of the second mode is determined by the wind speed history. Finally, the first mode (0.03 µm) consists of fine particles that constitute a marine background concentration. These particles have been aloft for such a long time that there presence is no longer governed by the instantaneous wind speed or even the wind speed history. To control the amplitude of the 1 st mode, Gathman introduced the air mass parameter (AMP). Unfortunately, the value of the AMP was not defined on the basis of meteorological parameters, but rather by an educated guess of the operator. The 3-mode model described above constitutes a pure sea-spray aerosol model. However, an atmosphere containing only sea-spray aerosols is rare and limited to the most remote oceanic environments. Therefore, Gathman included a 0 th mode in the NAM, which represented a contribution by dust particles. The centre radius of the 0 th mode was placed at 0.03 µm (just like the 1 st mode), but in contrast to the sea salt particles of the 1 st mode the dust particles were considered to be non-hygroscopic (no dependence on relative humidity). The role of the air mass parameter was extended to control the total amplitude of the 0 th and 1 st modes together. Furthermore, the AMP controlled the ratio between the 0 th and 1 st modes by a step-function: the 0 th mode was absent for AMP<5 and contributed 30% to the total concentration for AMP>5.
Before attempting to apply NAM in the littoral environment, it should be realized that the aerosol in coastal zone consists of a complex mixture of three types of aerosols. The first type is generated at the sea surface by the interaction between wind and waves (marine aerosols); the second type is generated at the land-sea interface (surf aerosols); the third type is generated over-land by natural and/or anthropogenic sources ("continental" aerosols). A further complication is that the continental aerosols themselves constitute a mixture: they vary considerably in chemical composition and consequently, refractive index. The exact concentration and composition of the aerosol mixture depends on a multitude of (meteorological) parameters, such as wind speed and wind direction, and the distance to the various sources. Due to the relatively rapid changes in meteorological conditions in the coastal zone, and due to the fact that many over-land sources are highly localized, the aerosol mixture is spatially and temporally inhomogeneous.
The previous paragraph explains the reduced performance of the NAM in the coastal zone: the model offers just two aerosol species (marine and dust), and just one parameter (AMP) that controls amplitude and ratio of the two modes. As mentioned in the introduction, this paper does not explicitly address the upgrades to NAM for the coastal zone. However, since the release of the basic NAM, efforts have been reported that suggest the need to include more aerosol species 15 and to replace the AMP by fetch. 16, 17 The fetch represents the distance an air mass has traveled over water, and thereby provides a first indication for the ratio of marine versus continental aerosols. The longer the air mass has spent over water, the more continental particles will have dispersed and deposited, and the more marine particles have been generated.
It should be realized that Gathman based the NAM on experimental data that was mainly collected in the 1970s. Not only was the available data limited, the equipment of that time was also not very sensitive to the collection of very large particles (radius in excess of 10 microns). This became apparent at the end of the 1980s when DeLeeuw applied the Rotorod * technique to asses the near-surface concentrations of giant marine aerosols. It was found that NAM * The simple Rotorod technique [18] [19] [20] , an active impactor sampling method that was first successfully applied over a marine surface by DeLeeuw 7, [21] [22] [23] [24] , has allowed the collection of one of the largest sets of near-surface large aerosol data. Two reports 25, 26 provide an extensive discussion of the Rotorod technique and its reliability. underestimated the concentration of these large particles. This led to the development of the ANAM4 model in the late 1990s.
The Advanced Navy Aerosol model (ANAM) adds a 4 th lognormal mode to NAM, centred at a nominal radius of 8 microns, to account for the largest marine particles. The 4 th mode parameters have been found from a regression analysis of Rotorod data and meteorological parameters. The initial analysis 27 showed that the amplitude of the 4 th mode should be a function of the instantaneous wind speed (production of marine aerosols) and height. The introduction of height represented a new feature, since the NAM had no height dependence and claimed to provide the aerosol concentration at deck height. However, when the ANAM development started, it was realized that the large particles that make up the 4 th mode are heavy and thus disperse inefficiently in the vertical. Since this could result in appreciable concentration gradients in the first 10-30 meters above the surface, height was included as a parameter in the regression analysis and was found to be of relevance. Since the initial analysis, 27 the ANAM has been tuned to a more extensive dataset of Rotorod data acquired over a period of 15 years at the MPN platform in the North Sea, the North Atlantic and near Oahu HI. This last dataset resulted from the RED 2001 experiment and proved especially useful.
The improvement of ANAM4 over the original NAM can be judged from a performance factor, defined as the factor to within which the model predicts the observed aerosol concentrations (r > 5 µm) at and below deck height. The ANAM4 yields a performance of approximately 3, as compared to approximately 10-15 for NAM. 28 It should be noted that these performances have also been obtained for other Rotorod data sets than the ones used in the development of the ANAM4. The ANAM4 suggests that there is a considerable increase in aerosol extinction (and hence a reduction of transmission) due to the inclusion of larger particles and height dependence. Compared to NAM, ANAM predicts 10% less transmission over a 15 km path at deck height, and up to 50% less transmission at 2 meters above the waves (10 m/s wind speed, long-wave infrared band). A recent contribution 29 showed that this may have serious consequences for the performance of electro-optical surveillance sensors.
THE PRODUCTION MODE
The ANAM4 describes the freshly produced marine aerosols by two lognormals, i.e., the original 3 rd NAM mode centred around 2 µm (nominal radius) and the 4 th mode centred around 8 µm. The two modes have different dependencies on wind speed and height. Intuitively, this seems not an optimal way to describe marine aerosol production. Thus, an effort was started to replace the 3 rd and 4 th modes by a single production mode. This task would respect the original NAM philosophy, which aims at providing a quick and reasonable estimate of aerosol extinction on the basis of simple (meteorological) input data by using empirically tuned relations. But at the same time, the ANAM could respond to some of the criticism formulated about NAM by taking into account some of the recent advances in our understanding of marine aerosol production and initial processes in the atmospheric surface layer. In particular, it was decided to replace the lognormal mode by a mode reflecting the shape of sea spray source function (S3F), the height dependence by an algorithm reflecting turbulent dispersion counterbalanced by gravity, and the humidity dependence by an explicit algorithm calculating the equilibrium radius of an aerosol particle in the atmosphere.
The first step consisted of a review 5 of published equations for the S3F. As is well-known, the various estimates of the sea spray source function (both intensity and shape) vary considerably. While 10 years ago these estimates varied by more than 7 orders of magnitude, 30 a recent workshop on the S3F agreed that the uncertainty is now reduced to about 1-2 orders of magnitude. There seems to be a consensus in the field that no single published source function describes correctly the sea spray behaviour over the complete radius range. One of the reasons for this is that source functions are generally based on experimental data, and that the equipment to provide this data is only capable of measuring a limited size range. Following recommendations by Schultz et al., 31 it was decided that a combination of two source functions (for "small" and for "large" particles) would adequately cover the radius range of marine aerosol production. ] as a sum of two lognormals: ( 1 ) Where r 80 is the equilibrium radius at 80% humidity, r 01 = 3 µm, r 02 = 30 µm, f 1 = 1.5 and f 2 = 1, and the amplitudes are given by as function of U 10 , i.e., the wind speed at 10 meters height: For the smaller particles, the S3F given by Vignati et al. 33 is suggested (the corrected equations given in ref. 31 have been used). This source function is based on shipboard measurements in the North Atlantic 34 and consists of 3 lognormals. The S3F is a function of the instantaneous wind speed U: It is suggested 31 to switch between the two source functions at a dry radius of 4 microns. The conversion from radius at ambient humidity to dry radius 35 is made on the assumption that the droplets only consist of water and salt (NaCl) and that the salinity of the ocean amounts to 0.034. Thus, to evaluate the production mode in ANAM, a loop is made over all radii between (roughly) 0.01 and 100 microns. For each radius, the corresponding dry radius is calculated, which is subsequently used to invoke either the Vignati ]. Unfortunately, the two source functions do not match perfectly at the switch point of 4 microns dry radius. This is not just due to a difference in intensity, but also due to a difference in wind speed dependence. As a practical solution, it was decided to take one source function as "reference" and multiply the flux of the other source function by a radius-independent constant to match the reference source function. It was decided to use the Smith & Harrison function as a reference, because their source function addresses the large particles. These particles have relatively short residence times and their concentration is thus likely to respond more directly to changes in wind speed.
In the next step, the production flux dF/dr at the surface must be converted to a concentration at a particular height. One of the possibilities for this conversion consists of introducing a transfer function ξ(z):
The transfer function can be found by solving the dynamic (and thermodynamic) equations for the aerosols, including terms for macroscopic fluxes, turbulent diffusion, inertia and gravitational settling. 10 The transfer function then applies to a stationary solution. This modeling approach and the shape of the final transfer function has been debated in many papers and will not be discussed here in detail. In many cases, equilibrium of fluxes is assumed resulting in a function ξ(z) that decreases exponentially with height, 36 although it has been demonstrated 10 that this is an oversimplification for larger particles. For practical purposes, the transfer function has been implemented in ANAM as a 2-step process:
Where P 1 is an empirical tuning parameter, and f(z) is a function that governs the decrease in concentration as function of height. An exponential shape was selected for f(z) regardless of particle size, thereby neglecting near-surface effects due to wave-atmosphere interactions and the deviations from exponential behavior observed in numerical experiments. 10 Since diffusion is less efficient for larger particles, the concentration gradient will be stronger for larger particles. In contrast, increased turbulent diffusion will lead to weaker gradients as wind speed increases. Thus, the basic form of f(z) becomes:
Where P 2 is an empirical tuning parameter and And P 4 is another empirical tuning parameter. For typical values of radii and wind speeds, and with values of P 2 and P 4 around unity, the value of f(z) ranges between 0.02 and 0.08. This corresponds to the vertical concentration gradients observed in the Rotorod dataset.
7,10 Equation 7 implies that particles of radius less than 1 µm have no vertical concentration gradient. These particles diffuse efficiently and yield a transfer function (stationary solution) that is almost independent of height. This choice may be justified in the domain of application of the ANAM, i.e., the lower 10-30 meters above the surface, but is subject to review at a later stage in this project. Figure 1c shows the ANAM with the new production mode. Note that the new mode does not have the "traditional" lognormal shape and that it extends to very small (and large) radii. Since the ANAM is an empirical model, the next step in the introduction of the new production mode consisted of optimizing the tuning parameters to experimental data (see also next section). The initial tuning of the new production mode was done with two degrees of freedom, i.e., only tuning parameters P 1 and P 2 could be varied and P 4 was fixed at a value of 2.0. Initial tuning revealed that the radius dependence of function f a (r) (equation 7) was not proper to correctly reproduce the experimental data. Therefore, parameter P 4 was made available as an additional degree of freedom. Furthermore, the behavior of the Smith & Harrison source function for very large particles did not properly match the experimental data. In view of the relatively large uncertainties in both the source function and the experimental data, it was not straightforward to select either one of these as the 'truth'. Thus, an additional tuning parameter P 3 was introduced in the ANAM to modify the large particle behavior of the Obviously, it is hoped that the optimum value of P 3 does not lead to substantial deviations of the shape of the Smith and Harrison source function.
EMPIRICAL TUNING
The tuning process consists of optimizing the values of P1 to P4 in such a manner that the ANAM reproduces best the available experimental data. Figure 1c shows that it is not straightforward to tune the new production mode, since this new mode overlaps the other modes (especially the 2 nd mode). Since the amplitude of these other modes also varies with the meteorological scenario, these modes will interfere with the tuning process. Therefore, it was decided to minimize interference by (initially) tuning the new production mode to particles with radii above 5 microns, i.e., the Rotorod database.
21-26
The Rotorod technique is an active impactor sampling method, featuring silicon coated stainless steel rods that are mounted on a stabilized constant speed motor. The rods are spun to collect particles that leave an imprint in the silicon spray on the rods, which can be subsequently analyzed under a microscope. An important feature of the technique is that the size of the craters on the rods corresponds (closely) to the diameter of the particle at the time of impaction. 7 The thus counted particles are distributed over bins (typically 10 between 10 and 100 µm) to yield an aerosol size distribution. A more detailed description can be found elsewhere, 27 which also shows that the Rotorod technique reliably measures concentrations of particles with a radius larger than 5 µm. The upper radius limit is determined by statistics and ranges from 40 to 150 µm depending on the concentration (basically determined by wind speed for sea-salt particles)
The Rotorod technique has been deployed at various campaigns in different regions of the world, 37 but mostly at the MeetPost Noordwijk (MPN), a research tower located in the North Sea at 10 km off the Dutch coast. From these data, a relatively large composite MPN data set of 2078 observations (aerosol size distributions) can be formed, that should provide a good basis for a statistical analysis. The selection of MPN data implies that a bias could be introduced towards coastal conditions, even if only data acquired in long-fetch conditions are included in the analysis. Therefore, it is important to complete the analysis with open-ocean data, available from two experiments: the Cumulus trial in 1983 (117 observations), 7 and the more recent RED experiment (297 observations). The open-ocean data was not mixed with the composite MPN-set, but treated as two separate data sets. Finally, a separate coastal dataset obtained at the FPN-platform in the German Bight (265 observations) was analyzed.
The tuning process of the new ANAM production mode was performed on the trial-and-error based used earlier in the ANAM4 development. 28 In this procedure, the values of P1 -P4 were varied to obtain the best possible match between the aerosol concentrations as predicted by ANAM and as measured with the Rotorod impactors. The performance of a particular parameterization P k was calculated from a scatter plot between the experimental and modeled aerosol concentrations. In such a scatter plot, the standard deviation σ of the data with respect to the line y=x indicates the performance: the smaller the value of σ, the closer experimental and modeled concentrations. Furthermore, a performance factor 38 F can be introduced (F = 10 σ ) that is a measure how well the model predicts the experimental concentration: the prediction differs from the experimental concentration by a factor of F or less in 67% of the cases. Table 2 presents the optimum values for P1 -P4 for the individual datasets, as well as the average performance factor F ave . The average performance factor is calculated from the individual factors F for each of the Rotorod diameters (size bins) using a weighting procedure, in which less weight is given to the largest diameters to account for the reduced accuracy of the sampling device at these size ranges. The table also shows the average performance factors for the NAM and ANAM4 (individual 3 rd and 4 th modes). Table 2 shows that the optimum values of P1 differ markedly from dataset to dataset. Since P1 controls the aerosol concentration at the surface, the results suggest that the concentration of large particles can vary considerably from experiment to experiment. This had been noted before 28 and can only partially be explained by assuming that more aerosol particles should be present over a fully developed oceanic wave field than in a limited fetch condition at the North Sea. The possibility that flow distortion due to the ship or platform had an adverse impact on the Rotorod measurements cannot be excluded, which makes it quite difficult to decide on the 'best' value for P1. Table 2 also shows that the optimum value for P2 equals zero for the coastal datasets, which indicates the total absence of a vertical concentration gradient. Some tests indicated that the performance factor could be further improved by using negative values of P2, which would indicate in higher concentrations aloft than at the surface. It is difficult to justify such a concentration profile, unless there is a rather strong advection component present that raises the concentrations aloft. In the coastal zone, such a component could be introduced by surf-generated aerosols that are advected out over sea. This possibility has not yet been further investigated.
The values for P3 and P4 show a reasonable consensus, with a notable exception for P3 / Cumulus. However, the performance factor for the Cumulus dataset is not very sensitive to the value of P3; P3=3.5 yields F ave =3.8, which is close to the optimum value F ave =3.8.
DISCUSSION
The Advanced Navy Aerosol Model has been reviewed as concerns its production mode. The two separate production modes (3 rd and 4 th modes in ANAM4) have been replaced by a single production mode in ANAM5. The shape of the new production mode is given by two sea spray source functions taken from literature, Vignati et al. 33 and Smith and Harrison. 32 The intensity of the new production mode in ANAM5 at a particular height above the surface is governed by a transfer function that depends on radius and wind speed. The production mode in ANAM5 has several tuning parameters that have been optimized by comparing ANAM5 concentration predictions to experimental aerosol data.
The performance of NAM, ANAM4 (3 rd and 4 th mode) and ANAM5 (new production mode) is compared in table 2. It should be kept in mind that the ANAM5 numbers represent different values of P1-P4 for each of the datasets. The 'final' ANAM5 will have a single set of values for P1-P4, which is likely to result in a slightly reduced performance for each individual dataset. 28 As noted earlier, 28 NAM is inadequate to model the concentration of larger aerosols. The NAM performance has been added as a warning to the Modtran 1 community that NAM underestimates the concentration and hence overestimates the transmission, especially in the 8-12 µm band. 29 The new ANAM5 performs better than ANAM4 for the open ocean datasets, but performs less than ANAM4 for the coastal datasets. The improvement for open ocean corroborates well with the concept of the new production mode, which basically provides the stationary solution for the vertical dispersion of freshly produced aerosols generated by an open ocean source function. The improvement in the performance factors thus provides confidence in this approach. The reduced performance in coastal areas shows that the new concept cannot improve over an empirically tuned lognormal. When the results were inspected in some more detail, it was found that the reduced performance resulted mainly from the fits in the smaller size bins. In other words: ANAM5 does a reasonable job for the largest particles in the coastal zone, but starts deviating when the size decreases. This may indicate again that there is an advection component in the coastal data (even at particle sizes of 20 microns). Such an advection component cannot be modeled by the new production mode, but should be introduced using the 2 nd (aged marine aerosol) mode of the ANAM. It is thus important to explore the presence of such an advection mode, because it will provide guidance for the selection of the final values of P1-P4.
As mentioned in the introduction, the review of the ANAM is not yet finished. The next step will be to review the advection or 2 nd mode of the (A)NAM. The mode shape and mode parameters will be reviewed and the mode will be adapted for the coastal zone. The amplitude of the 2 nd mode currently depends on the 24h history of the wind speed reflecting production upwind and subsequent advection. In the coastal zone with limited fetch conditions, this concept breaks down. Once the 2 nd mode has been reviewed, tuning of the new ANAM5 can continue, using experimental data for smaller particles (just down to the sizes where the 0 th and 1 st modes start to interfere). It is hoped that this continued tuning also provides the final values for P1-P4 of the new production mode.
